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a b s t r a c t
Although the power conversion efﬁciency (PCE) of small-area polymer solar cells (PSCs) has now sur-
passed 10% upon various optimizations, it is still a challenge to improve the performance of large-area
device partially due to the problems encountered in ﬁlm morphology optimization and incompatibility
of using these optimizations for size scale-up. Herein, we reported a method to effectively improve the
morphology of photoactive layer and thus device efﬁciency under ambient atmosphere by using spray
coating technique. It was found that by ﬁnely adjusting the parameters of the instrument, and the prop-
erties of the ‘‘electronic ink’’, the dynamics of solvent evaporation after ﬁlm deposition could be con-
trolled. By resorting to a few techniques for morphology characterization, it conﬁrmed that the
resulting blend ﬁlm showed desirable vertical phase separation where polymer enriched near the anode
and PCBM adjacent to the cathode. The graded composition is beneﬁcial for the efﬁcient charge trans-
portation as well as eventual charge collection. By using PBDT-TFQ/PC71BM composite as an example,
the exceptional high PCEs of 4.6% and 4.1% were achieved for the devices with the size of 1.0 and
10.2 cm2, respectively. In comparison to conventional device fabrication process, this method is not only
simple without additional treatment steps, but also dramatically increases the device efﬁciency, which
opens a new way for fabricating highly efﬁcient large-area PSCs.
 2015 Elsevier B.V. All rights reserved.
1. Introduction
Polymer solar cells (PSCs) have drawn signiﬁcant attention
owing to their outstanding advantages of light weight with ﬂexibil-
ity, solution processability through various techniques, and
low-cost production over large area [1,2]. Due to high reproducibil-
ity and precision [3], the spin coating technique is the most used
method for fabrication of small-area device (typically few square
millimeters), and much effort has been devoted to the optimization
of fabrication conditions [4,5], development of post-treatment
methods [6–10], and synthesis of new conjugated polymers
[11–13]. To date, the power conversion efﬁciency (PCE) of
small-area PSC devices has reached over 10% threshold [14,15].
It is well recognized that besides the synthesis of new conju-
gated polymers, the morphology of the active layer plays the most
important role in determining the device PCE [7,16]. Therefore, dif-
ferent post-treatment methods, such as thermal annealing [6,7],
solvent annealing [8], and processing additives [9,10], etc., have
been created allowing further enhancement in PCE. In general,
the optimization of the ﬁlm morphology should be started from
both lateral and vertical directions, and the vertical morphology
is of utmost importance because the charge carriers transport to
corresponding electrodes along this direction [17–20].
Unfortunately, most of the methods focus on former aspect, and
although solvent vapor annealing [21], solvent-soaking treatment
[22], and methanol-ﬂuxing treatment [17,23] were recently devel-
oped to tailor the vertical phase morphology, these methods are
directed to the spin-coated small-area polymer solar cells.
The ultimate goal of the research in polymer solar cells is to
scale-up the size of the device to fabricate modules in real applica-
tions. Until now, various techniques, such as inkjet printing
[24,25], slot-die coating [26,27], screen printing [28–30],
doctor blading [31], gravure printing [32–34], and spray coating
[19,35–48], have been developed to prepare the large-area
polymer solar cells, and promising efﬁciencies have been obtained
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for each technique. However, in comparison to small-area device,
the low homogeneity of the blend ﬁlm and the thus resulting
defects (such as disconnected and short-circuited areas) during
large-scaling process heavily limit the module’s PCE promotion
[49,50]. Although the treatment methods mentioned above could
improve the ﬁlmmorphology to some extent, the difference in efﬁ-
ciencies between small and large size devices still could not be
made up. In addition, these current post-treatment methods are
also not applicable for large-area polymer solar cells due to energy
consuming, operation complexity, and environmental concerns.
For the fabrication of large-area polymer solar cells, the mor-
phology control is much more complicated because it depends
not only on the instrument type but also on the operation param-
eters [51–53]. Our experience on ﬂexible and scalable polymer
solar cells in the last few years shows that it is possible to precisely
regulate the morphology of the active layer (especially along the
vertical direction) by selecting appropriate instrument and ﬁnely
adjusting the operation parameters, and thus greatly increase the
PCE [54]. To demonstrate this strategy, in this study, the ultrasonic
spray coating technique was utilized, and the ‘‘electronic ink’’
composed of poly{4,8-bis(20-ethylhexyloxy)-benzo[1,2-b:4,5-b0]-
dithiophene-alt-[5,8-bis(50-thiophen-20-yl)-6,7-diﬂuoro-2,3-bis-(300-
hexyloxyphenyl)quinoxaline]} (PBDT-TFQ) [55] as electron donor
and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) as elec-
tron acceptor was selected to prepare the active layer. After pre-
cise adjustment of the operation conditions (especially the ink
ﬂow rate and the number of spray passes) and the properties of
the solution (with and without processing additive), it was found
that the active layer with desired vertical component distribution
could be obtained while the lateral phase structure was kept
unchanged. The efﬁciency of the large-area devices with the size
of 1.0 and 10.2 cm2 based on this technique reaches as high as
4.6% and 4.1%, respectively. This method, the principle of
which could be applicable for other techniques, is simple,
cost-effective, and easy to operate with no need of any
post-treatment steps, and shows great potentials in the fabrication
of large-area polymer solar cells.
2. Experimental section
2.1. Materials
PBDT-TFQ (Mn = 35 kg mol1, PDI = 2.0) was prepared according
to the previous literature [55]. PC71BM, 1,8-diiodooctane (DIO) and
chlorobenzene (CB, anhydrous, 99%) were purchased from Sigma–
Aldrich. PEDOT:PSS (Clevios P VP AI 4083) was purchased from H.C.
Stark company.
2.2. Spray coater
Ultrasonic spray coating systems (ExactaCoat W4301) was pur-
chased from Sono-Teck Corporation (Fig. 1). For spraying, the ink is
pumped to the nozzle at a settled ﬂow rate and broken into micro
scale droplets by the ultrasonic vibration, and then the droplets are
directed toward the substrates by the carrier gas. In the process,
the variety of parameters including carrier gas pressure, nozzle
scan speed, ultrasonic power, nozzle to substrates distance, ﬂow
rate of the ink and the number of spray passes over the substrate
can be manipulated. The carrier gas pressure can vary from 0 to
23.4 psi. The maximum nozzle scan speed is 200 mm s1. The max-
imum ultrasonic power is 5.5 watt. The nozzle to substrates dis-
tance can vary from 6 to 12 cm. Flow rate depends on the
capacity of the syringe used and the speed at which the syringe
plunger is moved forward. For the 10 ml syringe that is used in
our experiment, the maximum ﬂow rate is 20.9 ml min1. For the
ﬁlms in the following discussion, the parameters including carrier
gas pressure, nozzle scan speed, ultrasonic power, and distance
between nozzle and substrates are ﬁxed at 23.4 psi, 30 mm s1,
3.5 watt, and 6 cm, respectively. And, the ﬂow rate of the electronic
ink and the number of spray passes are varied from 0.12 to
0.35 ml min1 and 2 to 6, respectively. Correspondingly, the ﬁlms
are named as Film LH, Film MM and Film HL (Table 1), of which
the former letter represents the ﬂow rate and the latter letter rep-
resents the number of spray passes. L, M, and H represent low,
medium and high values of the corresponding spray parameters,
respectively. For example, Film LH means the ﬁlm is deposited
under the low ﬂow rate of 0.12 ml min1 and the high number of
spray passes of 6.
2.3. Device fabrication
The organic ink was prepared by dissolving PBDT-TFQ:PC71BM
(1:1, w/w) in a mixture of 1,8-diiodooctane (2 vol%) and chloroben-
zene (98 vol%), the total solid concentration is 4 mg ml1. The
PEDOT:PSS ink was prepared by diluting PEDOT:PSS with deion-
ized water and isopropanol in the ratio of 18:9:73 by volume
[42,56].
The PSCs were prepared on pre-patterned ITO-coated glass with
a sheet resistance of ca. 15X per square. The ITO substrates were
cleaned sequentially in detergent, deionized water and iso-
propanol. After UV ozone treatment for 30 min, a ca. 30 nm
PEDOT:PSS layer was spray deposited onto the substrate and
annealed at 150 C for 20 min to remove the residual solvent and
enhance the conductivity. The photoactive layers with a thickness
of ca. 120 nm were spray deposited onto the PEDOT:PSS layer from
the organic ink in air and then thermal annealed at 140 C for
Fig. 1. Schematic diagram of spray-coater. (a) Syringe, (b) auto-solution injection
pump: controlling the injected ﬂow rate of the ink, (c) ultrasonic nozzle: atomizing
the ink into droplet, (d) ultrasonic generator: supplying power and controlling
frequency of the nozzle, (e) carrier gas controller: controlling gas pressure to
deposit solution onto the substrate.
Table 1
Blend ﬁlm spray parameters.*
Flow rate (ml min1) Number of spray passes
Film LH 0.12 6
Film MM 0.17 4
Film HL 0.35 2
* Note:(a) Sample solution is PBDT-TFQ and PC71BM (1:1, weight ratio) in a sol-
vent mixture of 1,8-diiodooctane (DIO, 2 vol%) and chlorobenzene (CB, 98 vol%), the
total solid concentration is 4 mg ml1.(b) Other parameters: carrier gas pressure is
23.4 psi, nozzle scan speed is 30 mm s1, ultrasonic power is 3.5 watt, distance
between nozzle and substrates is 6 cm.
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10 min in a nitrogen glove box with the concentration of
H2O < 0.1 ppm and of O2 < 1.0 ppm.
Finally, Ca/Al (30 nm/100 nm) layer was thermally evaporated
on the photoactive layer through shadow masks. The active area
of each device was deﬁned by overlap of the metal electrode and
ITO. The devices with areas of 9 mm2 (3 mm  3 mm), 1.0 cm2
(10 mm  10 mm), 10.2 cm2 (12 mm  85 mm) were obtained
with the changing ITO patterns and shadow masks. Devices based
on Film LH, FilmMM and Film HL were named as Device LH, Device
MM and Device HL, respectively.
The device performance was measured in a nitrogen glove box
with the concentration of H2O < 0.1 ppm and of O2 < 1.0 ppm with
a Keithley 2400 source meter under an AM 1.5G solar simulator
(SAN-EI, XES-70S1 (AAA Class Standard)).
2.4. Measurement
UV–Vis absorption spectra were taken on a Lambda 750 spec-
trometer (Perkin-Elmer, Wellesley, MA).
X-ray Diffraction (XRD) measurements were performed on a
Rigaku Smart Lab X-ray diffractometer with X-ray generation
power of 44 kV tube voltage and 40 mA tube current. The diffrac-
tion was acquired at h-2h symmetry within the range of 2h = 3–15.
Transmission electron microscope (TEM) images were acquired
with a JEOL JEM-1011 transmission electron microscope operated
at an acceleration voltage of 100 kV. The samples for TEM experi-
ments were obtained by ﬂoating thin ﬁlms on water and then
transferring them onto copper grids.
X-ray photoelectron spectroscopy (XPS) measurements were
carried out on VG ESCALABMK II X-ray photoelectron spectroscope
and the probing depth was less than 10 nm. The blend ﬁlms were
lifted off from the substrates by deionized water, and then trans-
ferred to new conductive substrates with the selected face on the
top for XPS measurement. Speciﬁcally, the ﬁlms were kept in water
at 50–60 C for 10 min before transferring to new substrates in
order to remove PEDOT:PSS which was well dissolved in water.
Surface tension and contact angle measurement were per-
formed on an optical contact angle measuring device (KRUSS,
DSA30). The solutions of PC71BM/DIO, PBDT-TFQ/CB, and
PC71BM/CB were dissolved at a concentration of 2 mg ml1. The
surface tensions of the solutions were measured by the pendant
drop method [56]. The contact angle of the solutions were carried
out on spin-coated PEDOT:PSS surfaces. The surface characteriza-
tion was carried out on an A1m polarization microscope (Carl
Zeiss, Germany). The ﬁlm thickness was measured with a KLA
Tencor D100 stylus proﬁlometer.
3. Results and discussion
3.1. Preparation and characterization of photoactive layer
The spray-coater employed in this work was purchased from
Sono-Teck Corporation (Exactacoat W4301), its schematic diagram
is shown in Fig. 1. The operation principle of the instrument is that
the solution ink in the syringe (a) is ﬁrst pumped (b) into the ultra-
sonic nozzle (c), which is then broken into micro scale droplets by
ultrasonic vibration (d), and the droplets are ﬁnally deposited onto
the substrate surface by carrier gas (e) to form the blend ﬁlm.
During this process, the quality of the formed blend ﬁlm depends
on many factors, for example, the properties of the ‘‘electronic
ink’’ (organic solvent, concentration, and processing additive),
and the operation parameters, including carrier gas pressure, ultra-
sonic generator power, nozzle scan speed, distance between nozzle
and substrate, ﬂow rate of the ink, and the number of spray passes
over the substrate. These factors are interconnected and inﬂuence
each other.
As mentioned above, the parameters of the spray coater could
be adjusted in a wide range and could be divided into three
regimes: wet, intermediate, and dry according to the different sol-
vent evaporation rate after liquid droplets leaving nozzle. In wet
regime, the deposited droplets merge into discrete and larger dro-
plets due to the dewetting effect before the complete evaporation
of solvent, resulting in a ‘‘wet’’ and extremely uneven ﬁlm. In dry
regime, solvents evaporate completely before the droplets reach
the substrate and solutes in the droplet become a dust, which leads
to a ‘‘dry’’ and quite rough ﬁlm (Fig. S1). For spray coating tech-
nique, the intermediate regime which lies between the wet and
dry regimes is most appropriate because a smooth and continuous
ﬁlm with homogeneous morphology could be formed. And, we
deﬁned this uniform ﬁlm as the ‘‘half-wet’’ (or ‘‘half-dry’’) ﬁlm.
Since the operation parameters of the spray coater affect each
other, in this study, the ﬂow rate of the electronic ink and the num-
ber of spray passes are the two main parameters that are ﬁnely
adjusted to construct the precisely designed vertical phase struc-
ture while the other parameters are kept unchanged (Table 1).
Under the conditions listed in Table 1, the freshly deposited ﬁlms
on the substrate are ‘‘half-wet’’, while the solvent evaporation is
different after the ﬁlm deposition.
The properties of PBDT-TFQ/PC71BM blend ﬁlm were ﬁrst char-
acterized by UV–Vis and XRD analyses, and the corresponding
spectra are given in Fig. S2. For conjugated PBDT-TFQ polymer,
the peak at 620 nm in UV–Vis spectrum and the peak at
2h = 4.16 in XRD curve are assigned to the stacking of the molec-
ular chains and (100) crystal planes, respectively [55]. The com-
parison of these data (Fig. S2 and Table S1) shows that the spray
parameters used in this study did not bring effects on the ordering
and the crystallinity of PBDT-TFQ/PC71BM blend ﬁlm. TEM obser-
vations (Fig. S3), which show bright short PBDT-TFQ nanocrystalli-
nes distributed in the whole blend ﬁlm with no discernable
difference, also indicate that the lateral morphology of the blend
ﬁlm is irrespective of the spray parameters.
However, the variation in the ﬂow rate and the number of spray
passes do change the vertical component distribution of the blend
ﬁlm, which could be detected by XPS measurement. The XPS pro-
ﬁles of the top (air/photoactive layer) and bottom (photoactive
layer/PEDOT:PSS layer) surfaces of PBDT-TFQ/PC71BM blend ﬁlms
and corresponding calculated S/C element ratio are given in
Fig. S4 and Table S2, respectively, and the histogram representing
the element amount on both surfaces is shown in Fig. 2. For XPS
analysis, the C 1s peak stands for the total content of the
PBDT-TFQ and PC71BM, while S 2p peak comes only from the
PBDT-TFQ component. From Fig. 2 it can be seen that as the num-
ber of spray passes increases (the ﬂow rate decreases) from twice
0.00
0.02
0.04
0.06
0.08
Drop-casting
Pe
ak
 A
re
a 
R
at
io
 o
f S
/C
Top
 Bottom
Film HL Film MM Film LH
Fig. 2. Histogram of the S/C element ratio at top and bottom surfaces.
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(Film HL) to six times (Film LH), the S/C element ratio on the top
surface increases from 0.0432 ± 0.0013 to 0.0516 ± 0.0015, and
that on the bottom surface correspondingly decreases from
0.0514 ± 0.0015 to 0.0268 ± 0.0008, indicating the respective
enrichment of PBDT-TFQ and PC71BM components on the surfaces
of the cathode and anode.
3.2. Formation of vertical phase separation in photoactive layer
Because the other conditions are same except for the ﬂow rate
and the number of spray passes during the ﬁlm preparation, while
these two parameters are closely related to the solvent evapora-
tion, therefore, it is reasonable to suggest that the vertical phase
structure of the blend ﬁlm is associated with the solvent
evaporation.
This suggestion is demonstrated by the XPS analysis of the
drop-casted PBDT-TFQ/PC71BM blend ﬁlm, the corresponding
results are also given in Fig. 2 and Table S2 for reference. In com-
parison with the spray coated ﬁlm, the drop-casted ﬁlm was
formed by free standing at room temperature after solution drop-
ping with no additional gas ﬂow, so the solvent evaporation is rel-
atively slower, which results in much lower and higher S/C
element ratios (0.0288 ± 0.0009 and 0.0589 ± 0.0018) on top and
bottom surfaces and thus the enrichment of the PC71BM and
PBDT-TFQ components on respective surfaces.
The formation of the vertical component distribution is
also associated with the surface property of solution, the
interaction with PEDOT:PSS, and the processing additive (here
1,8-diiodooctane, DIO). The surface tensions (cL), contact angles
(h) on PEDOT:PSS layer, and the corresponding spreading parame-
ters (DW) of PC71BM/DIO, PBDT-TFQ/chlorobenzene (CB), and
PC71BM/CB solutions are listed in Table 2. The surface tension
and the contact angle are measured, while the spreading parame-
ter is calculated from the equation of DW ¼ cLðcos h 1Þ, which
represents the ability of a liquid drop to adhere to the substrate
surface [57]. A more negative spreading parameter indicates less
wettability of solution on the solid substrate. As shown in
Table 2, the spreading parameter of PC71BM/CB (0.15 mNm1)
is higher than that of PBDT-TFQ/CB (0.29 mNm1), indicating
the better wettability of PC71BM/CB solution on PEDOT:PSS sur-
face. In the presence of the processing additive DIO, which is a bet-
ter solvent for PC71BM (>120 mgmL1) and possesses higher
boiling temperature (333 C) relative to the main solvent CB
(80 mg mL1, 132 C), the surface property of the sample solution
are greatly changed. For example, the surface tension and the
spreading parameter of the solution with DIO increases to
40.6 mNm1 and decreases to 0.81 mNm1, respectively, indi-
cating the worse wettability of the solution on PEDOT:PSS surface.
Table 2
Surface properties of PC71BM/DIO, PBDT-TFQ/CB, and PC71BM/CB solutions.
Surface
tension,
cL (mN m1)
Contact angle, h ()
(On PEDOT:PSS)
Spreading parameter,
DW (mN m1),
(on PEDOT:PSS)
PC71BM/DIO 40.6 11.5 0.81
PBDT-TFQ/CB 27.9 8.3 0.29
PC71BM/CB 27.3 6.0 0.15
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Fig. 3. S/C element ratio of blend ﬁlms sprayed from solutions without DIO under
the parameters of Film LH, MM and HL.
Fig. 4. Schematic of vertical phase separation processes for blend ﬁlms deposited
under different spray-operating parameters (a) Film HL and (b) Film LH.
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The importance of the processing additive DIO in the construc-
tion of the vertical phase separation is veriﬁed by XPS analyzing
the composition at the top and bottom surfaces of the blend ﬁlms
sprayed from the solution without DIO. The XPS proﬁles and data
are given in Fig. S5 and Table S3. The histogram shown in Fig. 3
reveals that the S/C ratios for the top and bottom surfaces of the
three ﬁlms were around 0.0453 ± 0.0014 and 0.0158 ± 0.0005,
respectively, indicating that the desired component distribution
along the vertical direction was not constructed for the solution
without DIO, even the ﬂow rate and the number of spray passes
were ﬁnely adjusted for these three blend ﬁlms (the device perfor-
mances based on these ﬁlms were also same, as shown in Fig. S6
and Table S4).
Based on above discussions, the formation of the vertical phase
separation of the blend ﬁlm under different spray conditions is elu-
cidated in terms of the solvent evaporation, surface property, and
the diffusion effect, and the schematic is proposed in Fig. 4. For
spray coating technique, the formation of the blend ﬁlm could be
divided into two stages: the ﬁrst stage is the spraying of the solu-
tion from the ultrasonic nozzle and moving to the substrate sur-
face, the second stage is the evaporation of the solvent in the
half-wet deposited ﬁlm and the formation of the ﬁnal solidiﬁed
blend ﬁlm. In this study, the solution properties, carrier gas pres-
sure, nozzle scan speed, ultrasonic power, and the distance
between nozzle and substrate are kept unchanged except for the
ﬂow rate and the number of spray passes, so the size of the droplet,
which is determined by the ultrasonic power and solution proper-
ties (solvent, concentration), and the solvent evaporation kinetic,
which is governed by the carrier gas and the droplet navigating
pathway, are same in the ﬁrst stage for these three ﬁlms.
The construction process of the vertical phase separation is pro-
posed to occur in the second stage. In order to obtain the blend
ﬁlms with the same thickness, if the ﬂow rate increases from
0.12 ml min1 (Film LH) to 0.35 ml min1 (Film HL), the number
of spray passes decreases correspondingly from 6 to 2. For high
ﬂow rate (Film HL), as shown in Fig. 4a, the amount of the solution
for one time spraying is more and the freshly deposited ﬁlm in
stage two is thicker. In this situation, the surface area/volume ratio
is lower and the solvent evaporation is slower. In other words, the
amount of the residual solvent in the half-wet deposited blend ﬁlm
is relatively higher. Because DIO has a better solubility for PC71BM
in comparison to CB (120 vs. 80 mg ml1), in this ﬁlm, the DIO pre-
fers to grasp more PC71BM to form ‘‘PC71BM/DIO micro-droplet’’
[58,59]. Since the PC71BM/DIO droplet has higher surface tension
(40.6 mNm1) and lower spreading parameter (0.81 mNm1),
it repels aggregation at the PEDOT:PSS surface. Therefore, the
‘‘PC71BM/DIO micro-droplet’’ gradually diffuses to the top surface
during the ﬁlm solidiﬁcation in the second stage, which ﬁnally
forms the blend ﬁlm with the PC71BM component enrichment at
the top surface.
In the case of Film LH (Fig. 4b), the ﬂow rate is lower and the
number of spray passes is multiple. As mentioned above, the
amount of the solution for spraying once is less and the sur-
face/volume ratio is higher for the deposited ﬁlm at the substrate
surface, so the solvent evaporation is rapid. In addition, solvent
evaporation is also accelerated by the multiple blowing of the car-
rier gas. These two effects result in ‘‘relatively dry’’ blend ﬁlm and
the PC71BM is difﬁcult to diffuse to the surfaces. In other words, for
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Fig. 5. (a) J–V characteristics and (b) IPCE of 9 mm2 devices based on Film LH, MM, and HL.
Table 3
Performance of 9 mm2 devices based on Film LH, MM, and HL.
Jsc (mA cm2) Voc (V) FF PCE (%) Average PCEa (%)
Device LH 9.27 0.72 0.59 4.0 3.8
Device MM 10.17 0.74 0.62 4.6 4.5
Device HL 10.67 0.74 0.64 5.1 4.9
a Average PCE of 30 devices.
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Fig. 6. J–V characteristics of (a) 1.0 cm2 and (b) 10.2 cm2 devices based on PBDT-TFQ/PC71BM blend ﬁlms prepared under different spray-operating parameters.
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low ﬂow rate and multiple spraying, the time for the complete
removal of the solvent is short and the component distribution is
rapidly ﬁxed. Therefore, in comparison to Film HL with the vertical
phase separation in which PC71BM accumulates on the top surface
and PBDT-TFQ enriches on the bottom surface, Film LH shows rel-
atively ‘‘homogeneous’’ morphology along the vertical direction.
3.3. Application of this method for large-area polymer solar cells
In order to explore the effect of the vertical phase separation on
device performance, small-area devices (9 mm2) based on Film LH,
MM and HL were fabricated. The J–V characteristics and
monochromatic incident photo-to-electron conversion efﬁciency
(IPCE) curves of the devices were shown in Fig. 5 (the error
between the calculated Jsc values and the measurements was
within 6%) and the corresponding photovoltaic performances were
listed in Table 3. It was found that the formation of the desired ver-
tical phase separation is beneﬁcial for the device performance
improvement, the PCE increases from 4.0% of Device LH to 5.1%
of Device HL. Detailed insight into the device parameters indicates
that the performance improvement is mainly resulted from the
increase in short-circuit current and the ﬁll factor. As known, for
a PSC with conventional structure, holes and electrons transported
towards the anode and cathode through the pathway formed by
donor and acceptor material, respectively, and are eventual col-
lected by respective electrodes. So, the desired vertical phase sep-
aration in Film HL promotes the efﬁcient charge transportation via
the interconnected pathway as well as eventual charge collection
at the interface, which contributes to the enhanced Jsc and FF,
and thus the device efﬁciency.
This strategy for spray coating technique to control the vertical
phase separation of the blend ﬁlm and thus improve the device
performance could also be applied for the fabrication process of
large-area polymer solar cells. With the ﬂow rate and the number
of spray passes listed in Table 1, the devices with 1.0 cm2 (square)
and 10.2 cm2 (12 mm  85 mm) were fabricated, sample pictures,
J–V curves of the devices, and the corresponding parameters are
given in Fig. 6 and Table S5, respectively. From these data it can
be seen that when the device area extends to 10 times (1.0 cm2),
the variation in efﬁciency agrees well with that with 9 mm2,
increasing from 3.7% to 4.6% with the improvement of
short-circuit current and the ﬁll factor. If the device area further
increases to 100 times (10.2 cm2), same trend still exists.
Although the area expansion of the device brings a negative effect
on efﬁciency due to the increase in intrinsic series resistance [60],
for example, the PCE decreases from 5.1% (9 mm2) to 4.1%, the
advantages of this strategy such as simplicity without additional
treatment steps, easy operating, cost-effectiveness, and the posi-
tive possibility of the application for other techniques in terms of
the principle make it promising for the continuous fabrication of
large-area polymer solar cells.
4. Conclusion
In summary, the present work provides an effective method,
which involves only the ﬁne manipulation of operation parame-
ters, to construct desirable vertical morphology for spray-coated
PBDT-TFQ/PC71BM blend ﬁlms. With decreasing the ink ﬂow rate
(increasing the number of spray passes), more obvious enrichment
of the PBDT-TFQ and PC71BM components takes place near the
anode and cathode surfaces, respectively, which is associated with
the solvent evaporation, the surface property of solution, the inter-
action with PEDOT:PSS, and the processing additive DIO. This ver-
tical phase separation is beneﬁcial for the efﬁcient charge
transportation as well as eventual charge collection, and thus
improves the device efﬁciency. Based on this approach, the devices
with the areas of 1.0 and 10.2 cm2 reach efﬁciencies of 4.6% and
4.1%, respectively, which are, to the best of our knowledge, the
highest values for the PSCs with identical areas fabricated by
spray-coating technique under ambient atmosphere. The method
proposed in this study is simple with no additional treatment
steps, easy to operate, cost-effective, and suitable for other tech-
niques, and thus shows great promise for fabricating large-area
polymer solar cells.
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